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The nature of geotropic responses in roots and stems is a problem 
whereon many people have worked for a long period.  Since the first 
indications of such responses, by J. B. Denis (1673), up to the present 
time, the number of papers and memoirs dealing with contributions 
to the theory of this phenomenon has grown to a large figure (about 
1,400). 1  And still,  we know very little of the irrtimate character of 
the processes starting the response and occuring during its execution. 
We know a little about certain time relations binding together a few 
variables that we can recognize as significant in the experiments, but 
we are at present unable to say much about the mechanism of these 
relations.  Even certain points which may be of primary importance 
seem not to  have been touched (e.g., work necessary for curvature, 
liberation of heat, and the like).  Furthermore the advance in phys- 
ical chemistry in the last 20 years and the new tendencies in general 
physiology born during the last decade enable one to  consider this 
problem from new viewpoints.  It gives also the opportunity to look 
at things known for a long time with new ideas in mind, and perhaps 
to gain a  clearer picture of the geotropic response. 
In the first part of this work we will deal mainly with the respira- 
tion of Viciafaba seedlings in a state of rest.  We will follow also the 
variations of the geotropic reaction time with change of temperature. 
From the type of variation so found we may derive indications as to 
the kinetics of the underlying processes.  The second and third parts 
will  deal with variations in the rate of respiration during geotropic 
response, and with other measurable changes in the responding tissues. 
i For a careful and complete bibliography of the subject the reader is referred to 
the work of Miss Christiansen,  Bibliographie des Geotropismus, Mitt. Inst. allg. 
Bot.,  1917, and following years. 
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I. 
Conditions of Experimentation. 
A.--The  device used for measuring the  quantities  of CO2 excreted 
by a  single plant  or  a  single root  did  not  depart  from the  standard 
methods by more than  a  few minor modifications.  Special care was 
given to the control of each step in the procedure.  A  supply of pure 
air (without even traces of CO2) was led to a glass respiration chamber 
immersed  in  a  water  thermostat  whose  temperature  was  kept  con- 
stant  to  within  0.01°C.  for any one run.  After leaving the  respira- 
tion  chamber  the  air  was  bubbled  through  a  Kunz  absorption  flask 
containing a  concentrated solution of KOH, where all the CCh carried 
over from the plant could be absorbed.  Weighings at intervals of 15 
or 30 minutes gave the quantities of CO2 excreted by the plant in the 
corresponding  periods.  All  the  procedure  was  carried  on  in  a  dark 
room;  dim non-actinic  red  light was the  only  source  of illumination 
used,  and even then for the shortest durations possible. 
As anyone will see, the method employed is one very widely used; nevertheless 
certain details have to be given as to how it was treated.  The air which is supplied 
to the respiration chamber must be pure:  it may not contain fumes or traces of 
H2S, SO~, NH8OH, illuminating gas, etc., in addition to the normal content of 
COs of the atmosphere.  In the apparatus used in these sets of experiments the 
air was pumped from outside the building,  by means of two glass bottles arranged 
in such a way as to allow a given and constant amount of water to flow from one 
to the other and thus producing suction.  Before entering the metallic piping, 
absolutely leakproof, which was leading it to the thermostat, the air was freed from 
dust by passage through 35 cm. of cotton tightly pressed in an absorption tube; 
furthermore a concentrated solution of mercuric chloride and a 15 per cent solution 
of H~S04 were freeing the air from the traces of the common gases found.  The 
partially purified air was now passed through a long train composed of (1) three 
absorption tubes containing soda-llme granules (size No. 4) between cotton plugs, 
(2) three gas washing bottles with concentrated NaOH solution, (3) one long tube 
containing a dilute solution of NaOH (4) a tube 45 cm. high containing, to a depth 
of 35 cm., glass beads and distilled water freed from CO2 and in which the current 
of air was introduced under the beads and forced through them, (5) a 12 m. length 
of copper tubing containing in the two lower spires a small quantity of distilled 
water.  Numbers 2, 3, 4 and 5 were all immersed in the water thermostat where 
the experiment was performed so as to be in perfect temperature equilibrium. 
The junctions between the different parts of the apparatus were all glass-to-glass; 
the rubber tubings, used only where ground-glass joints would have been unpracti- A.  v..  NAVEZ  643 
cal, were heavily coated with a celluloid cement.  There was supplied in this way a 
current of air which, when analysed with the Haldane apparatus, did not show 
traces of CO2 or of any of the objectionable gases of a city atmosphere.  It was 
furthermore  always  saturated  with  water  vapor  at  the  temperature  of  the 
thermostat. 
T~ne respiration chamber consisted of a 250 cc. gas wash-bottle with fairly wide 
mouth and long and well ground head piece.  The glass tube which normally leads 
the gas in was bent to one side and used as a support for the plant..This device 
had the advantage of being very easy manipulated, maintained perfectly sterile, 
and was possible to place it inside the thermostat in any position, so that geotropic 
excitation could be applied to the organism studied merely by turning the bottle 
on its side while all the other conditions remained unchanged.  The smallness of 
the  respiration chamber had  the  advantage of allowing a  very easy flushing of 
all gases liberated in it.  The absence in the same chamber of filter paper lining or 
cotton pads, moistened with water to keep the atmosphere saturated with water 
vapor  (as  sometimes used;  cf.  Kuyper,  (1910)  p.  144;  and  Femandes,  (1923) 
p. 121), prevents all solution of COz in this water.  The coefficient of partition of 
CO~ between water and air is so much more in favor of water that one may expect a 
certain amount of liberated CO2 to be held in aqueous solution.  That this solution 
follows the same law as the excretion of CO2, in relation to temperature, is still 
to be examined.  But in any case there is here a source of serious error which is 
eliminated by the scheme here adopted.  To such cause may be attributed the 
apparent better constancy shown by the figures of Kuyper (p.  165)  in his third 
experiment, in contrast to his two first experiments performed without addition of 
water in the respiration chamber.  It is also to be noted that  the  figures cor- 
responding to his third experiment are lower, on the average, than in the other 
sets. 
Furthermore, the use of a Pyrex glass chamber makes one sure that no disturb- 
ing reaction in which the copper or aluminium used in some apparatus (of. Kuyper, 
p.  144), will take place.  One  may remember  the  extreme  toxicity of copper, 
especially in soluble salts, and the not less toxic effect of alaminium salts (Sziics, 
1913). 
A valve was placed between the respiration chamber and the absorption flask to 
unable us to cut the latter out of the circuit without disconnecting any part of the 
apparatus.  This device was used always at the start of an experiment when the 
whole circuit had to be flushed and cleaned for ½ hour by a  current of pure air, 
without being obliged to absorb all the possible CO~ present in the absorption 
flask. 
The pump consisted of two 2 liter flasks with a lower tubulure connected by a 
rubber tubing.  The upper neck opening of flask No.  1 (which was always kept 
at the same place) was  connected through  a  soda-lime tube  to the  absorption 
flask; a stop-cock and a Mohr screw clamp were placed on this connection.  The 
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lime tube normally dosed by a stop-cock.  When the 2 liters of water had drained 
from No. 1 to No. 2, it was a simple matter to refill bottle No. 1:  the stop-cock on 
the connection with the absorption flask was dosed, the one on No.  1 opened, 
bottle No. 2 was lifted from the lower position (90 cm. below No. 1) to the upper 
position (about 75 cm. above No. 1) and the refilling of No. 1 was readily done. 
To start over again the stop-cocks were turned to their first position.  The Mohr 
clamp was adjusted once for all to obtain a flow of 2 liters of air in 30 minutes; the 
rate of passage of bubbles through the Kunz absorption flask was in this way ad- 
justed to obtain total absorption of COs in one passage, as was ascertained by tests 
where a second flask was placed after the normal absorption flask. 
The absorption medium in the Kunz flask  was a  solution of KOH (1  to  1). 
This solution absorbed naturally also the small amount of water vapor saturating 
the air current  supplied  to the respiration chamber; this quantity,  which  was 
remarkably constant even over long durations, was determined by a few runs before 
and after the plant was under observation.  It was then a simple matter to correct 
the readings for the absorption of water. 
We have discarded the titrimetric method of estimation of COs absorbed by a 
solution of Ba(OH)~ with a final titration using phenolphthalein as indicator, on 
account of a cause of error which seems to have been overlooked.  The solubility 
product of BaCO3 is very small only as long as the solution is strongly alkaline. 
When the neutralization is proceeding, the equilibrium is not the same any more 
and a part of the COs may be driven away in a gaseous state out of the solution. 
Furthermore, as the redissolution of the precipitate of BaCO3 is rather slow, the 
titration end-point will vary with the speed of addition of the acid.  Further still, 
phenolphthaiein has a turning point which is fairly above neutrality.  ~ 
B.--The  plants used in  these experiments were young seedlings of 
Viciafaba  (Broad Windsor beans), grown in sterile sawdust, in a  dark 
thermostat,  at  a  temperature  of  20°C.  The  seeds had  been  soaked 
for 24 hours in running water,  disinfected  quickly with  a  1 per cent 
solution  of formaldehyde or a  3  per cent  solution  of  H~O2,  rinsed in 
sterile distilled  water and planted immediately.  The  seedlings  were 
used when the roots reached a length of 4 to 5 cm. (i.e., in the 4th day) 
and  the samples chosen were with perfectly straight roots.  The res- 
piration chamber in which the plant was placed was disinfected  before 
and  after each run with  94  °  alcohol and  3  per cent solution of H20~, 
and rinsed with sterile distilled  water.  Decay or drying never arose 
during the runs, and on three occasions the plantwas kept for 3 days 
in the  chamber without  showing any sign of disease.  This indicates 
that  the maintenance of a  plant in the respiration  chamber for dura- 
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tions of 24 to 36 hours did not bring into play any uncontrolled factor. 
In the series of experimenis where only parts of the plants were used 
(root  or intact  plant  attached  to  a  small portion of the cotyledons), 
all the dissections were made under the red light illumination already 
mentioned, care being taken also to keep the plant in a normal position 
during  the  whole  treatment.  The  cut  surfaces were  covered imme- 
diately with  strips or small pieces of cover-glass slightly coated with 
neutral vaseline.  All the manipulations were done as quickly as pos- 
sible and under  aseptic conditions. 
As  it  was  thought  that  these  experiments  would  require  a  fairly 
long time before completion, a  large stock of seeds was taken so as to 
have  material  as  homogenous  as  possible.  Several  tests  performed 
at  different  intervals  showed  that  the  keeping  of  the  seeds  in  jars 
where evaporation was very much prevented did not bring appreciable 
source of error.  The rate of excretion was found to be constant  for 
seeds kept for more than 8  months in the condition  described. 
C.--In all the experiments care was taken that thorough equilibrium of tem- 
perature was attained before beginning the measurements of CO~ excretion.  The 
plants were allowed  to stay for 30 minutes at least in the respiration chamber, 
normally ventilated with pure air, before the current of air was switched through 
the absorption flask. 
A very extensive series of published and unpublished cases has shown that it is 
absolutely necessary to have a perfect control of temperature for the thermostat 
used in such experiments.  It must not only be possible to keep any given tempera- 
ture for any length of time, but also to pass quickly from one temperature level to 
another and to obtain then the same ease and constancy of control.  Furthermore, 
the  thermostat used for biological  purposes must be one where the successive 
temperatures obtainable must be very close one to the other and not only at a few 
points distributed more or less regularly along the thermometric scale. 3 
The fluctuations of any air thermostat exclude  completely this  type as  too 
inaccurate.  We have used a water thermostat of about 100 liters capacity.  A lead 
coil was supported inside the tank, at the middle of its height, the two ends provid- 
ing an inlet and an outlet for a current of cold water.  This current was regulated 
so as to cool rather quickly the water of the thermostat which was kept constantly 
stirred by an electrically driven stirrer.  On the other hand, an electric heating 
unit  (with  a very large surface and a small mass) was placed on one side of the 
tank in the whirlpool made by the eddy-currents of the stirrer.  The distribution 
of heat was so obtained in a very efficient way.  The heating unit was working 
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on A.c. at 110 volts and was thrown in or out of action by a high resistance relay 
placed in a circuit with two to four dry cells and a large mercury thermoregulator. 
The volume of the mercury and the diameter of the capillary of the thermoregu- 
lator were chosen to give easily a regulation within 4- 0.01°C.  The temperature 
was read after each observation made, i.e. every 15 or 30 minutes.  This  arrange- 
ment provided a thermostat which was run without any trouble for days and even 
weeks. 
D.--As it is impossible to have two lots of seedlings having all char- 
acteristics identical  0ength of root,  weights of different parts,  etc.), 
one may wonder to what common base the amounts of COs excreted 
must be reduced.  Will it be necessary to use the individual as unit, 
or unit weight  (fresh or dry), or unit surface?  The first may be dis- 
carded as being too irrelevant; the latter also on account of the diffi- 
TABLE  I. 
The Relative Proportions of Fresh and Dry Weight of Seedlings of Vicia faba with 
Their Ranges ~ 'Absolute Variation. 
fa~g~ 
Mean fresh weight .....................  5.6450 -4- O. 173 gin.  5.012  to 6.460 
Mean dry weight .........  . ............  1.8557  4- 0.057 gin.  1.4419 to 2.1714 
Dry weight 
Mean ratio Green weight ..............  32.2 4-  1.0 percent 
culty of ascertaining with any precision the surfaces involved.  The 
only basis that remains is then the weight.  But shall we use green 
weight or dry weight?  In fact, as will be seen from the table given 
(see Table I), the variations of green and dry weights are rather small 
for the samples used, and as the ratio of dry weight to green weight 
is fluctuating in still much narrower limits, we will refer all CO, ex- 
creted to the fresh weights of the seedlings. 
It must also be noted that to a  very good approximation there is 
for Vicia faba a direct relationship between the CO~ excreted and the 
weight of the seedling.  It seems to us therefore perfectly proper to 
reduce our data to a  rate of excretion per  standard weight of plant 
and per unit interval of time. 
Finally, in the cases where total seedlings or parts of seedlings were 
to be compared, we have been able to reduce all the quantities found A. E.  NAVEZ  647 
to the same standard, taking into account that if at any given tem- 
perature the total CO2 excreted by a complete seedling is 100 per cent, 
the cotyledons give 67 per cent and the plantule gives 33 per cent. 
Of 33 per cent the stem excretes 18 per cent and the root 15 per cent. 
The constancy of these figures  is  remarkable as  they have been 
found on a number of occasions.  In fact this constancy allowed us, 
in  the great majority of cases,  to  use intact seedlings,  which were 
more easy to handle and which also fitted better our principle of "no 
interference" with the normal activity of the organism than would 
the dissecting or removing of parts of it. 
II. 
The Resting -Metabolism. 
A review of  the  literature  concerning the  relation of respiration 
of seedlings to temperature is rather simplified  by the small number 
of papers published on  this  matter.  This  situation is  in fact even 
remarkable when  one  takes  into  account  the  importance  of  the 
processes involved.  It must be said,  also,  especially for most of the 
older work, that the lack of precision in the experimental conditions 
(control of temperature, scarcity of the points chosen on the thermo- 
metric scale)  obliges one, if not to discard practically all these data, 
at least to consider them for the most part as simply indications. 
The first work where a fair constancy of temperature and tempera- 
ture control are found, are in the papers by Rischawi (1877), Kreusler 
(1887-88)  and  Clausen  (1890).*  But  it  must  be  said  that  these 
authors were more interested in the determinatiqn of the "optimum" 
temperature for respiration than in the exact relation of respiration 
to temperature.  So we find that these papers pay special  attention 
to the higher temperatures and, as was pointed out by Kuyper, the 
differences  existing between these three sets of results can be ascribed to 
several causes of which one is the treatment of the organisms at high 
temperature.  Clansen especially seems.not to have paid enough at- 
Nevertheless  in  Kreusler's  work  he  notes  that  differences  in  temperature 
between two parts of his respiration  chamber were  1  °  to 2 °, and in unfavorable 
cases even 3 ° to 4°; he also says "so hat das gewiss nicht viel zu bedeuten" (Landw. 
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tention to the effect of maintaining plants for a  duration of  2  to  3½ 
hours at temperatures of 35°C.  and even higher. 
The most elaborate and careful work yet published is that of Kuyper 
(1910).  After having pointed out several mistakes of his predecessors 
in this line of investigation, he proceeded to show that one of the chief 
causes of error was precisely that of keeping the plants for long dura- 
tion at high temperature.  The prehandling of the plant determines 
to a  certain extent the results obtained, and in the interpretation of 
the  data  a  time factor must be  taken into  consideration.  But,  as 
with his forerunners, he also is mostly interested in high temperatures; 
he attempted to test the applicability of Blackman's theory of limit- 
ing factors to normal respiration (cf.  p.  139).  However, even if his 
interest lies in  the upper part of the thermometric scale,  the range 
0 ° to 25°C. is considered with care. 
The results of his work (done mostly on Pisum sativum,  Lupinus  luteus  and 
Triticum vulgate) showed that the respiration rates studied for periods of 6 hours 
show a very great constancy up to 10°C.; for temperatures up to 20°C. one finds 
first an increase followed  by a decrease in the rate of excretion; for still higher 
temperatures up to 40°C. the same thing holds true but much more  exaggeratedly. 
The drop in rate seems to follow a logarithmic curve.  The critical temperature 
where one type of respiration (constant)  passes to the other type (decreasing)  seems 
to depend on the nature of the reserve substances; being higher for amylaceous 
reserves, lower for protein reserves.  Van't  Hoff's rule is valid for Pisum and 
Triticum in the range 0  ° to 20°C., for Lupinus up  to 25°C.  Q10 has a  value 
between 2 and 3. 
Change in temperature does not  "activate" the respiration.  The 
work of Kuyper shows very clearly the existence of critical tempera- 
tures  above  which  the  phenomenon  studied  seems  to  take  a  new 
course.  This is a point of special interest to us, to which we will have 
the occasion to come back later.  As to the question of applicability 
of Blackman's theory, as well as  about the  significance  of  the  Q10 
obtained, one may differ in opinion.  As a whole, this work is the fore- 
most and the data can be accepted as the most precise yet published. 
In the experiments here described, all performed with single, entire 
seedlings, we chose the following temperatures on account of the fact 
that  they cover  the  range  of  the  thermometric scale where normal 
geotropic responses could be gotten.  These measurements of COs ex- TABLE  II. 
C02 Excretion by Sets of Five Seedlings at Each Temperature, with the Reductions to 
100 Gin. Fresh Weight Per Hour, and the Variability. 
Tempera- 
ture 
~C. 
7.5 
10 
12 
15 
17.5 
20 
22.5 
Welght 
5.10 
5.31 
5.51 
5.88 
6.10 
5.20 
5.54 
5.65 
5.97 
6.23 
5.17 
5.36 
5.70 
6.18 
6.46 
5.01 
5.29 
5.80 
5.98 
6.17 
5.11 
5.45 
5.65 
5.78 
6.04 
5.27 
5.60 
5.69 
5.70 
6.16 
5.23 
5.40 
5.50 
5.92 
6.08 
~tJ~ per 
eed per 
~Qu~ 
mg. 
1.15 
1.20 
1.27 
1.40 
1.43 
1.57 
1.67 
1.70 
1.80 
1.87 
1.92 
2.00 
2.13 
2,30 
2.40 
2.48 
2.60 
2.85 
2.95 
3.03 
3.27 
3.45 
3.60 
3.70 
3.85 
4.35 
4.65 
4.75 
4.77 
5.10 
5.15 
5.40 
5.45 
5.75 
6.03 
Mean 
1.29 
1.72 
2.15 
2.73 
3.57 
4.72 
5.56 
C02~r 
l~gm. 
~rho~ 
rag. 
22.55 
22.60 
23.14 
23.81 
23.44 
30.29 
30.23 
30.09 
30.15 
30.01 
37.14 
37.31 
37.37 
37.22 
37.15 
49.50 
49.15 
49.14 
49.33 
49.10 
63.99 
63.30 
63.72 
64.01 
63.74 
82.54 
83.03 
83.48 
83.68 
82.79 
98.47 
100.00 
99.10 
97.13 
99.18 
Mean 
23.11 
30.15 
37.24 
49.24 
63.75 
83.10 
98.77 
,eviati~ 
from 
mean 
0.56 
0.51 
0.03 
0.70 
0.33 
0.13 
0.07 
0.06 
0.00 
0.14 
0.10 
0.07 
0.13 
0.02 
0.09 
0.26 
0.09 
0.10 
0.09 
0.14 
0.24 
0.45 
0.03 
0.26 
0.01 
0.56 
0.07 
0.38 
0.58 
0.31 
0.30 
1.23 
0.33 
1.64 
0.41 
Mean 
deviation 
0.426 
O. 085 
0.082 
O. 136 
0.198 
0.38 
0.7821 
Mean 
deviation 
as percent- 
age of 
mean 
1.84 
0.28 
0.22 
0.27 
0.31 
0.46 
0.79 
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TABLE  II--Conduded. 
Tempera-  ~Veighl  ture 
°C.  gm. 
25  5.18 
5.32 
5.70 
5.88 
6.12 
C02 per 
seed per 
hour 
mg. 
5.80 
6.05 
6.40 
6.68 
6.90 
I  Mean 
6.36 
CO~ per 
100 gin. 
per hour 
mg. 
111.96 
113.72 
112.28 
113.60 
112.74 
Mqan 
112.86 
Deviation 
from 
mean 
0.90 
0.86 
0.58 
0.74 
0.12 
Mean 
Mean  deviation 
deviation  as percent-  age of 
mean 
per cenl 
0.64  0.57 
cretion were indeed collected in order to study the kinetics of the geo- 
tropic  curvature.  The  temperatures were:  7.5 °,  10.0 °,  12.0 °,  15.0 °, 
17.5 °  , 20.0 °  , 22.5 °  , 25.0 ° .  Higher temperatures were disregarded for 
the present,  for reasons which will be explained later.  The normal 
duration  of a  single experiment ranged from 6  to  12  hours,  during 
which  estimations  of  the  CO,  excreted  were  made  every  15  or 
30 minutes. 
For each plant used, the greenweight was determined immediately 
after the run, care being taken also to determine separately the green 
weight of the cotyledons, stem, and root.  These different parts of the 
seedlings were then dried  for 4  to 6  hours  at  105 °,  and  after  cool- 
ing the dry weight was obtained also.  This procedure gave  us  the 
following results (see Table I). 
The distribution of the variations of weight is quite symmetrical. 
For this reason, when the CO2 output was obtained for a known weight 
of plant,  the excretion value was  reduced to  a  standard  weight of 
plant  of 5.65  gm. 
Contrary to what previous observers have claimed about the non- 
direct relationship between CO, output and the weight of the plant 
excreting it, we have found a  very good agreement between the two 
quantities, as will be seen from Table IL 
Another point  which seems of interest is  that,  contrary to  what 
Kuyper (p.  166  and ft.)  and Fernandes (1923,  p.  170) describe,  we 
could not  find  that  the  rate  of excretion was  changing with  time. 
OUtside of the normal, small variations in the readings (which never 
reached three times the small experimental error), the rate of excretion A.  E.  ~AVEZ  651 
was found to be constant, for the periods considered.  It must be said 
that in Kuyper's work the means of appreciation of constancy in the 
rate of excretion are rather vague.  He considers, for instance,  that 
for the temperatures 0 °, 5 ° and 10  ° the respiration is constant; on the 
contrary, for the temperatures  15  °  and 20  °  the constancy is not the 
rule.  His Table I  (p. 166)is intended to illustrate the foregoing.  Let 
us consider it more closely (see Table III). 
From the figures given in Table III he concludes that--as the varia- 
tions lay well in the limits of 1 reg.--the rates at 0 °, 5 ° and 10 ° are 
TABLE III. 
Kuyper's Data for Excretion of CO2 in Successive Hours.  The Two Last Columns Are 
Added to Show the Mean Deviations, and the Mean Deviation 
as a Percentage  of the Mean. 
Tempera- 
ture 
*C. 
0 
5 
10 
15 
2O 
25 
30 
I 
Ist  hr. ~2nd  hr. 
4.0  4.0  3.6 
6.7  6.0  5.6 
12.0  11.2  11.1 
18.6  19.0  19.4 
28.6  30.3  30.3 
43.3  42.4  I  42.2 
51.7  50.9 [  52.2 
i 
3rd hr.  th hr. 
4.0 
5.7 
11.4 
19.4 
30.6 
49.7 
53.6 
5th hr. 
3.8 
5.8 
11.4 
20.0 
30.4 
40.7 
53.5 
ith hr. 
11.3 
20.2 
40.9 
53.5 
Mean 
Mean  deviation 
3.9  0.16 
6.1  0.38 
11.4  0.20 
19.4  0.36 
30.0  0.60 
42.0  0.76 
52.6  0.96 
~ean 
deviation 
as percent- 
age of 
ineall 
4.10 
6.20 
1.75 
1.86 
2.~ 
1.81 
1.70 
constant.  But we may object that here, the absolute variation is not 
a  fair indication of variability.  The paean deviation as a  percentage 
of the mean would be the index to rely on.  The two last columns of 
Table III (added by us)  give a  clear indication of a  good constancy 
over  the  whole range here  considered,  except  at  5 ° .  And even  for 
this  last  temperature,  this  does  not  point  necessarily  to  a  lack  of 
precision  in the measurements.  We must give to all the figures the 
same weight; in  such  case  this  deviation may become indicative of 
some other  factor  coming into  play.  This  is  precisely  the  type of 
variation that we get when the temperatures considered are "critical 
temperatures"  for the process involved (cf.  Crozier,  1924,  a;  Crozier 
and Federighi,  1924-25).  We  may add that  the  second  maximum 652  RESPIRATION  AND  GEOTROPISM  IN VICIA  FABA.  I 
0.7 
~  0.6 
~  Q5 
ff 
~a4 
U 
..9o 
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in these data, reached at 20 °, is obtained precisely in a  region where 
a  second critical point for this phenomenon is known to be located. 
The relative smallness of this second maximum can be attributed prob- 
ably to the fact that we have no data for some intermediate tempera- 
tures between 20  ° and 25°; the critical temperature is in fact, around 
21 °  (of. later),  and the value 2.0 per  cent may be below the actual 
I  i  ] .......  I  i 
Q8  --0 
o  @ 
--  0 
0.1  -- 
I  I 
FIG. 1.  CO2 production by seedlings  of Viciafaba.  The broken line corresponds 
to the line best fitting the data in Fig. 3, the two heavy lines describe the band of 
variations of the data from which the averages were made, the light circles rep- 
resent  for  each temperature the extreme variations.  It should be noted also 
how much the latitude of variation is increased around the upper critical tem- 
perature. 
maximum of deviation.  As has been shown on several occasions by 
Crozier (1924,  a),  and Glaser (1925-26),  the latitude of variation of 
observations is often much larger at critical temperatures than at any 
other places in the temperature range (Fig.  1).  In this respect, the 
observations of Kuyper show a  remarkable parallelism with ours, if 
we  consider a  measure of variability in  the rate  of excretion to be 
given by the mean deviations as a  percentage of the mean, since in A.  ~..  NAV~Z  653 
both cases we find the variability to be maximum at the same tempera- 
tures (Fig. 2).  As the two methods of measurement and the material 
used were  totally  different,  the  fact  that  we  get  such  a  parallelism 
points  once more  to  the  importance  of these  critical  temperatures. 
It shows also the absolute necessity, when a  biological process is in- 
vestigated  from the viewpoint of its variation with  temperature,  to 
have a  large number of observations scattered over the whole range 
Pe~ 
cent 
6 
4 
it  II  i 
0  5  10  /5  20  ~5  ~0 
Temper~tut,  e, °C. 
FIG. 2.  The relation of the mean deviation as a percentage of the mean, in 
series of determinations of CO~ excretion by seeds of Pisum (Kuyper: CO~ mg. 
per 100 gln. per hour) and of Viciafaba (CO2 rag. per 100 gin. per hour), to tem- 
perature, in  Kuyper's data  (light line)  and personal data  (heavy line).  The 
absolute values of these deviations are shown also. 
studied (and not grouped at 5 ° intervals, as has so often been the case 
previously).  The summary of most of the data  so obtained will be 
found in Table IV,  5 where all the weights  of CO~  excreted per hour 
have been reduced in terms of the standard seedling of 5.65 gin. 
The slight discrepancies  found between Table IV and the figures given in 
Table II are due to the fact that in the latter case five samples, evenly distributed 
over the range of seedling weight, were taken.  Table IV on the contrary takes 
into account all the experiments performed. 654  RESPIRATION  AND  GEOTROPISM IN  VICIA  FABA.  I 
The measurements so obtained can be utilized in several ways.  We may apply 
to them the method A. Kanitz (1915) used in his book "Temperatur und Lebens- 
vorg~nge;" that is to say, we may determine, as has been done for a very large 
variety of chemical processes, the temperature coefficient Q10 for a  rise in tem- 
perature of 10°C.  A good many protoplasmic activities have it in common with a 
large number of chemical reactions that their velocities are doubled or tripled for a 
rise in temperature of 10  °, at ordinary temperatures.  But it may be objected that 
the (210 is a very inefficient  way of characterisation of processes,  as it is dependent 
TABLE  IV. 
C02 Excretion Per Hour by Stalulard Seedling (i.e., Reduced to Weight 5.65 Gin.) of 
Vicia faba, at Different Temperatures.  These  Figures Are Plotted in Fig. 3. 
The P.E. of  the mean and the 1,.n. as  a  percentage of the mean are also given 
for C02 excretion by 100 gm. of seedlings at different temperatures; the respiration 
computed on this basis gives the same value for ~.  The variability (1,.E./~t X  i00) 
is a constant percentage of the mean, between critical temperatures. 
Temperature 
*6". 
7.5 
10.0 
12.0 
15.0 
17.5 
20.0 
22.5 
25.0 
C02 per standard seed 
per hour 
mg. 
1.30 
1. 705 
2.104 
2.78 
3.60 
4.69 
5.56 
6.38 
Mean CO~ per 100 gin. seeds per hour 
P.~./~ X  100 
mg. 
23.20  -4-0.12 
30.14  ~0.09 
37.30  4-0.105 
49.32  -4-0.15 
63.67  -4-0.15 
82.98  4-0.21 
98.82  4-0.37 
112.64  4-0.20 
0.53 
0.32 
0.28 
0.29 
0.24 
0.26 
0.37 
o..18 
on the range of temperature chosen (cf., for instance, Crozier, 1924--25 b, 1925-26 e). 
Kuyper had found for his data the following values of Qx0: 
A15"  A20° 
A1°°  ---  2.4~  --  3.1~  =  2.8  for  one  set  of  experiments  (average 
Ao.  ~  A~o- 
A2,o 
about 2.8); ~  ---- 2.2,  =  2.0 for a second set of experiments (average about 
2.1).  For our own data we find A17.5_____* _-- 2.78,  A,oo  A~.6____*  A~.s"  ~  -- 2.75p  A~°  =  2.6~ 
A25° 
A15° =  2.29.  The value of Ql0 is variable and dependent on the interval of 
temperature considered.  Beside the lack of constancy that the Q10 shows,, this 
coefficient  has  another disadvantage:  neither  from its variations nor from its 
absolutevalues  may we conclude anything  relative to the type of process we study. 
We may also handle these data in a graph showing the relation of CO2 excretion A.  v..  ~AVSZ  655 
(ordinates) vs. temperature (abscissa),  and the curve so obtained can be described 
by an empirical equation, with two or more constants.  But one may question 
also if such an equation, which can always be written, will necessarily mean some- 
thing; ff the constants with the values there ascribed will represent some definite 
steps in the process or some characteristics of the system.  In fact, in most of the 
equations  belonging  to  this  type,  the  constants  are  merely numerical  factors 
having no real significance whatsoever.  Such a case is found for instance in the 
a 
formula given by B~lehrtdek (1926) : y  =  ~  or log y  =  log a  -  b log x, where y 
is the time, x the temperature centigrade and a  and b are constants.  This is the 
well known formula of Harcourt and Esson (1895) save that for no conceivable 
reason the absolute temperature has been replaced by the centigrade temperature. 
Such an equation enables one to fit with some exactness any series of observations 
where no abrupt change occurs, provided they do not go over a too great range of 
temperature; it furthermore allows the author in this case to assign  to the con- 
stants such vague attributions as "viscosity of the protoplasm."  For a review of 
reasons for the inapplicability of such formulze the reader is referred to Crozier 
and  Stier  (1926--27).  In r~sum6,  such equations  describe  a  curve but  do  not 
depict  the process schematised by the  curve or the  mechanism underlying it. 
What we are interested in is a  description which will throw some light on the 
kinetics of the process involved. 
Numbers of vital activities may be considered  as  coupled systems 
of  irreversible  reactions.  To  such  systems,  the  equation  described 
by Arrhenius in  1889 may be applied,  especially when we know that, 
although originally given as a  purely empirical relation, it was found 
to submit to rational interpretation  (cf.  Tolman,  1927; Hinshelwood, 
1927).  This equation assumes that the velocity of an irreversible re- 
action is directly proportional to the  exponential  of  -----~ where R  is 
R  T' 
the  gas  constant,  T  the  absolute  temperature  and  tt  the  "energy of 
activation"  per  gram  molecule of the  "activated"  substance.  This 
expression,  written  habitually  in  the  form 
(4  1  ) 
-  tt  -~ 
V2  =  Vle  ~ 
with vt and v~ the velocity constants (or proportional quantities)  at the 
absolute temperatures T1 and T~, gives g directly, as from an adequate 
choice of coordinates  and large scale units the value  of g  is obtained 
by a  single  reading of the [20 inch] slide-rule (cf.  Crozier, 1925-26, e). 656  RESPIRATION  AND  GEOTROPISM  IN VICIA  FABA.  I 
This index is  independent  of  the interval  of temperature  chosen,  as 
well as of the  absolute values of the velocities of the process studied. 
Despite what has been said by some writers, it is not affected by the 
aging of the organism, as a wide series of experiments in this laboratory 
has shown.  If we consider v as the activation energy of a catalyst, we 
may admit that processes activated in the same way will give the same 
v; and in the cases where the same catalyst occurs in different reactions 
II 
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Fro. 3.  COs production by seedlings of Vidafaba. 
t9 
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O 
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we may expect to find the same value for g.  We may thus have an 
instrument which may give us indications  as to the type of reaction 
controlling  a  series of  coupled  reactions.  This  method  as  used  by 
Crozier  (1924)  has been developed with his  collaborators in  a  series 
of studies which have plainly confirmed this viewpoint.  It has further- 
more  the  advantage  of  being  easily  applied  when  the  observations 
have been made with  due care;  then it  constitutes a real criterion of 
the precision  in  experimentation  and  of constancy in  the  operating 
conditions. A.  ~.  NAV~Z  657 
The data from our observations are  rather striking in  their good 
agreement with the form of the Arrhenius equation; the  departure 
from the best fitting line is at any point at most of the order of the 
probable error.  Moreover the value obtained (Fig. 3),  ~  =  16,250, 
is  one more in  the list of oxidative respiratory processes yielding a 
critical increment of about  16,200.  Compare this for instance with 
the values found in the published data: for oxygen consumption of 
Arbacia  eggs  (Loeb and Wasteneys), oxygen utilization of Tenebrio 
pupa~ (Krogh), oxygen consumption of goldfish and of toad (Krogh), 
2 
t/r  
Fie. 4. CO~ production by seedlings of P(sUm (Kuyper) reduced to rag. per 
100 gin. of seeds, per hour (open circles), and of "Viciafaba reduced to rug. excreted 
by single seeds of 5.65 gm., per hour (solid circles). 
where we get values from 16,100  to  16,800  (Crozier,  1924).  Other 
instances since secured and collected have brought out this very con- 
stant value of ~ for a  large number of phenomena of that order.  If 
the data of Kuyper are treated in the same way (Fig. 4) we find that 
they too give a  value of ~ around 16,200 for the lower range of tem- 
perature  (up  to 200).  6  Above that temperature we see a  new level 
6  The small discrepancy between this value and the one (16,500) published by 
Crozier (1924-25, c) is due to the fact that in the latter case, sets of data relative 
to each of the first 2 hours were plotted separately.  For the present graph, on the 
contrary, all the data obtainable were  plotted and the value of ~ corresponds to the 
slope of the best fitting line for the whole. 658  RESPIRATION AND  GEOTROPISM  IN VICIA FABA.  I 
being established with a  different value of ~,  just as is indicated in 
our case.  It must be noted that in Kuyper's as well as in our data 
the critical  temperature, determined by the intersection of the two 
best fitting lines, gives practically the same point on the thermometric 
scale, namely 21°C.  A  much larger departure between these values 
would not be disconcerting if we consider the heterogeneity of origin 
and technique in these different series of data.  Their fair agreement 
points out once more that the values are not due to a  mere chance 
distribution but on the contrary to a  basic identity of the processes. 
We hold this very striking similarity of the values of ~ as being highly 
significant for the theory of specific critical increments. 
GEOTROPISM. 
Reaction  Time as a Function of Temperature.--It  has been pointed 
out previously that  the running of parallel  experiments at  different 
temperatures--these being  distributed  over the  thermometric scale, 
in the range compatible with normal reactions--may give clues to the 
processes involved or to their kinetics, if the data are treated by the 
method described in  the foregoing pages.  We have seen  that  such 
a  treatment of the mere numerical results obtained for the CO, ex- 
cretion of Vicia faba has led us to obtain for the "temperature char- 
acteristic" (critical thermal increment)7 ~,  the value of 16,250,  which 
is  in  perfect  accord  with  the  normal  value  for  respiratory  oxida- 
tive processes. 
In the same way, can we find some other indications which may 
lead to a view of the mechanism of geotropic curvature?  Since a very 
long time, different authors who have treated this question have con- 
sidered  that  two  numerical time  relations  could be  determined for 
such tropistic reactions.  The fll¢st is the presentation time; the second, 
the reaction  time.  Text-books g~ve generally the following definitions 
of  these  two  terms  (of.  for  instance  Benecke-Jost: Pflanzenphysio- 
logie, 1923, ii, 263) : Presentation time is the shortest time of exposure to 
the gravitational vector which induces a  definite reaction detectable 
with the naked eye; Reaction time is the interval of time elapsing be- 
The term "temperature characteristic" was introduced by Crozier (1924-25, 
b) to designate u without theoretical implications, but this quantity has the dimen- 
sions of a critical thermal increment (calories per degree per gram molecule). A. ~.  NAWZ  659 
tween the moment when the stimulus is applied and the first reaction 
perceptible to the naked eye.  It is apparent from these definitions 
that these time reIations are susceptible to determination only in an 
approximate manner.  But in any case, as we shall see, it is possible 
to obtain, under standard given conditions, results easily duplicated. 
In fact, the time of the first reaction observable depends naturally on 
the magnification of the picture of the organ considered.  But one can 
take as a good indication the much better determined moment where 
the symmetry of the tip  of the root,  for instance,  ceases and gives 
place to asymmetry.  Furthermore, it should be noted also that these 
two factors seem to be correlated by Trtindle's rule in a  definite and 
practically  constant way for  any given  material.  This  rule  states 
that if we vary the intensity of the gravitational vector (or its equiva- 
lent and easier handled centrifugal vector) we have a  constant rela- 
tion  of  hyperbolic  form  between presentation  and  reaction  times. 
This is one of the reasons why we can consider presentation time as 
well as reaction time and even assume than the mechanisms involved 
in both relations may be very closely similar if not identical at con- 
stant temperature. 
Let us note here also, as a  general remark about all geotropic and 
phototropic experiments with plants, that what we are studying while 
investigating the  reaction  of  the  organism  is  always  a  lag period. 
In fact the chief effect we are following is the mechanism of bending 
and not directly the first part of the reaction resulting as an effect of a 
stimulating agency.  We can perfectly well conceive that the organism 
considered in any field of excitation is instantaneously influenced by 
that field and that a  certain  "reaction" is started.  That this "reac- 
tion" has to go on for a  certain length of time is indicated by the lag 
period for the appearance of any external visible sign (e.g. a curvature) 
of "reaction."  This curvature may be started only when the "reaction" 
has persisted for a given length of time or only when certain products 
determined by the "reaction" have been accumulated up to a  certain 
level.  And what we consider then habitually as a  measure of geo- 
tropic  reaction may be an expression of but one step in a  chain of 
coupled reactions, but surely not the first one.  This may also be why 
we can get for geotropic and for phototropic presentation times the 
same values for u (cf. Crozier, 1924) : that value of ~ corresponding to 660  RESPIRATION  AND  GEOTROPIS~f  IN  VICIA  PABA.  I 
the  initiation  of  the  cellular  work  of  bending an  organ  previously 
straight.  To investigate the primary effects of light and of gravity as 
means of excitation, in relation to temperature, it would be necessary 
to introduce an additional variable (such as intensity).  In the mate- 
rial studied by Castle  (1927-28,  1928-29)  for example, the tempera- 
ture  characteristics for velocity of elongation  (growth)  are not  the 
same in different individuals; but at constant temperature the latent 
period of photic response  (a  growth elongation)  is  remarkably con- 
stant among a  population of individuals. 
The number of publications where the relation of presentation or 
reaction times to temperature has been considered is relatively small. 
The first data, given by Czapek (1895) and Bach (1907), are of a rather 
crude nature and seem to have been determined by a  method which 
was unable to yield any better results.  The manner of ascertaining 
the actual duration is open to severe criticism. 
In 1912 Maillefer published a  series of measurements which are re- 
markable for the careful determination of the reaction time in Arena. 
Their analysis will be given later.  (This paper seems to have been 
quite overlooked by several authors.)  The work of Rutgers  (1912) 
was also executed very precisely; it is concerned mainly with geotropic 
presentation time in Arena and gives the best set of data existing for 
that quantity.  These two papers can be used with confidence as the 
figures can be duplicated and have all possible reliability.  The work 
of von Pa~l (1915) and of Tr6ndle (1915) on the effect of temperature on 
the geotropic  reaction  time is  not  usable,  the control  of  tempera- 
ture for instance being absolutely too vague.  In von Paffl's work, for 
instance,  the  temperatures  are  given  under  the  form  22 °  to 23 ° , 
or 12 ° to 13 °  , and although experiments have been made at different 
temperatures his  data  can not  be  easily used.  In  Tr6ndle's work, 
the same lack of precision in the control of temperature prevails, and 
furthermore most  of  the  experiments were performed in  the  range 
18.5 ° to 25°C. which is too small to give precise indications and is in 
part above the critical temperature. 
We are thus reduced to the two sets of data given by Maillefer and 
by Rutgers.  For that reason also, we have tried to determine for the 
root of Vicia fabct a series of reaction times which could be compared 
with the published tables. A.  E.  NAVEZ  661 
The method was a standard one, used by Malllefer and by Rutgers, 
with the slight modification that the number of plants used was small 
for each set of experiments at any given temperature, but  that the 
same sets were done several times under the same conditions.  The 
figures obtained in successive runs agree so well one with another as 
to enable us to use them all together in one table.  The variability in re- 
sponse described by yon Pail, which in his account was said to become 
smaller and smaller as the experiment was performed at a  tempera- 
ture closer to the "optimum" temperature for the geotropic reaction, 
was not found at all in our series.  It should be noted, also, that this 
TABLE V. 
Values of tke Geotropic Reaction Time (R.r.) of Vicia  faba Roots at Different Tempera- 
tures.  Data from Czapek (189~), Back (1907) and from the Present Experiments. 
t  R.T. 
°C.  rain. 
5  360* 
7.5  190 
10  150 
12  130 
14 
15  100 
Czapek's 
data 
mln. 
360 
120 
80 
:Bach's 
data 
mln. 
122.8 
t 
T 
17 
20 
22.5 
25 
30 
R.T. 
rain. 
57 
51 
51 
Czapek's 
data 
rain. 
8O 
8O 
70 
Bach's 
data 
mln. 
115.4 
97.9 
64.8 
48.2 
* This R.T. may be too long; we have only three series of experiments for this 
temperature. 
was  not  true  in  the  experiments of Maillefer or  of  Rutgers  either. 
The variability to which Malllefer refers is probably related to a lack 
of homogeneity in the strain of seeds used. 
From this point  of view,  the material used in  these  experiments 
was remarkably constant in  its reaction.  All the plants used were 
always chosen to  be  as  similar  as  possible  one  to  another.  The 
same  thing has  been  found also  in  series  of experiments where  the 
reaction of the stem was considered.  Table V shows in brief the mean 
durations of reaction time found for the different experiments. 
In  the  third  and  fourth columns we have  included the  tables  of 
Czapek and Bach, as they were the only other figures obtainable for 662  RESPIRATION  AND  GEOTROPISM  IN VICIA FABA.  I 
the same organism.  Table VI contains the condensed tables of figures 
due to Maillefer and to Rutgers (experiments on Arena). 
Maillefer does not seem to draw any conclusions from his observa- 
tions, except as  to the form of an equation describing the geotropic 
curvature, which he shows to be a parabola at least for the 1st hour 
of reaction.  On  the  other hand Rutgers  concludes that  there is  a 
non-direct relationship between reaction time and temperature, at least 
for the range 10  ° to 35  °.  He calculates Q10 and shows it to vary be- 
tween 0.0064  (for high temperatures)  and 6.8  (for the lower part of 
the  thermometric  range  compatible  with  geotropic  reattion).  Be- 
TABLE VI. 
Values of Geotropic Reaction Time (e.r.) (~aillefer's. Data) and of Geotropic 
Presentation Time (P.r.) (Rutgers' Data)/or Arena sati~a, at 
Different Temperatures. 
R,T.  R.T.  P.T. 
t  (Maillefer)  t  (Maillefer)  l  (Rutgers) 
°C. 
15 
16 
17 
t8 
19 
20 
21 
rain. 
72.5 
61.2 
58.3 
51.3 
46.6 
41.7 
40.3 
°C. 
22 
23 
24 
25 
26 
27 
rain. 
37.5 
35.8 
30.2 
35.8 
36.2 
30.0 
°c. 
0 
5 
10 
15 
20 
25 
30 
rain. 
72 
16 
10.66 
6 
4.33 
2.33 
3.50 
tween 5  ° and 35 ° he finds a  Q10  =  2.6.  He is thus in disagreement 
with Bach but not with Czapek. 
All these conclusions seem to be very different one from another, 
even often in opposition one with another.  Still, taking the data as they 
are published, it may nevertheless be possible to use them in certain 
ways. - Let us apply to them the same treatment used for the data in 
the first part of this paper.  We find (Figs. 5 and 6)  the very striking 
result that the figures given by the different authors agree very well 
one with another as to the value of u-  For the different sets we find 
the following values:  Maillefer, 16,200;  Rutgers,  16~200; for my per- 
sonal data, 16,110.  All these figures obviously are within the normal 
range of variations that we may expect for such a  value of u by this A.  E.  ~AWZ  663 
method of computation.  It should be noted also  that  the first de- 
partures  from the best  fitting lines occur practically always at  the 
same temperature:  21.0 °, temperature that we found also to be a crit- 
ical temperature for respiration in this form.  We may note further- 
more that 5  ° seems to be a second critical point, although not so well 
marked; but one must not forget that our observations at that tem- 
perature are few.  These findings point to the same conclusion: the 
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Fz6. 5. The velocities  of activation processes occupying  the "presentation time" 
(Rutgers' data) and the "reaction time" (Maillefer's data) for geotropic response 
in Arena.  The line corresponding to # =  16,200 fits both series with good agree- 
ment. 
geotropic reaction in the coleoptile of Arena or in the root of seedlings 
of Vi,  cia faba  gives the same critical increment,  16,200,  for reaction 
or for presentation times.  This increment is known to occur in rela- 
tion to a  very large number of processes of respiratory oxidation and 
in our material also  (cf.  Crozier,  1924).  It is  then fair to  conclude 
that in the processes underlying the geotropic  curvature,  a  respira- 
tory oxidative effect seems to be the master reaction determining the 
system of coupled reactions involved. 664  RESPIRATION  AND  GEOTROPIS~[  IN VICIA  ~'ABA.  I 
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Fro. 6.  The velocities of the activation process occupying the "reaction time" 
for geotropic response in roots of seedlings of Vide/abe. 
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FxG. 7.  Curve showing the increased COs excretion when a seedling of Viclafaba 
is geotropically excited.  The normal resting excretion is practically at a constant 
level; the arrow indicates the moment when the plant is turned through 90  °  and 
thus geotropically excited. A.  •.  NAWZ  665 
What this oxidative process is, is yet unknown; further experiments 
are necessary to ascertain the phases of that reaction; but that such 
a reaction is occurring, is within the range of certitude of our method 
of analysis. 
An important fact which corroborates this view is the increased re- 
spiratory rate that one gets when a  plant which has been treated so 
as to exclude in all prehandling, at any moment, the introduction of 
the gravitational  vector,  is  subjected to  this  factor.  Such a  plant 
has for the resting rate of excretion of COs a  certain constant value 
even for long periods;  if  at  any moment we  rotate  the respiration 
chamber through 90 °  ,  all the other factors being kept constant,  we 
find that the rate of respiration increases up to a  certain point,  and 
later decreases and comes back after a certain time to its normal rest- 
ing value.  Such a  curve, the typical form of which is retained with 
modifications of scale and of shape at each constant temperature, is 
given in Fig.  7.  This gives a  means of investigating the amount of 
geotropic response.  The relation between this type of accelerated ex- 
cretion consequent upon geotropic excitation and temperature will be 
found in the second part of this work.  That such a  type of change 
occurs is perfectly consistent with the values found for v, for the re- 
action or presentation times.  This may in part also explain why most 
of the authors who have determined the rate of excretion of CO~ by 
seedlings got variable results:  they were determining a  mixed rate, 
perfectly uncontrollable, of COs excretion in plants placed in all the 
intermediate positions between a  normal resting state  and a  highly 
geotropically excited state.  It can be added also that the temperature 
may even not have been under effective control, in the cases where 
the bulb of the thermometer was placed in the mass of seeds.  This 
shows the advantage of the method where one seedling alone is used 
for each experiment and all the factors are under control. 
SUM~&RY. 
In this paper there are given the results of a  study of the relation 
of respiration to temperature, in seedlings of gicia faba,  and of the 
onset of geotropic response.  It is shown that with due care and very 
accurate control of temperature constancy, one can get constant ex- 666  P.ESPIRATION  AND  GEOTROPISM  IN VICIA FABA.  I 
cretion of COs even over fairly long periods.  The treatment of the 
experimental  data  shows  that  the Q10 ratio  is of  course a  valueless 
"constant,"  as it is variable;  but that the figure obtained for #,  the 
temperature characteristic (critical thermal increment), 16,250, is per- 
fectly consistent with the values previously obtained for g in respira- 
tory o~idative processes in similar material.  New data on the reaction 
time  for  the  root  of  Vicia faba  seedlings  excited  geotropically  are 
given  also.  The  study  of  the  dependence of  this  time  relation  on 
temperature shows/z =  16,110, agreeing quantitatively with the value 
deduced  previously  from  the  relevant  data  of  earlier  investigators 
(Crozier,  1924).  This  points  to  the  importance  of  some  respira- 
tory  oxidative  process  as  the  agency  controlling  the  onset  of  geo- 
tropic curvature. 
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